Abstract: Analysis of a PAT modeling is presented for application in water pipe systems as an interesting and promising energy converter to improve the system energy efficiency. The study is focused on the use of a Computational Fluid Dynamics (CFD) model in conjunction with laboratory data for representing PAT performance. The first stage of the procedure concerns a systematic analysis of the role played by the characteristic PAT parameters in the computational mesh definitions of the CFD model, with the aim of defining the most efficient set of capturing the main features of the PAT behaviour under different operating conditions. In the second stage, comparisons of CFD results and experiments were carried out to examine some system components for better understanding the PAT response. Specifically, the behavior of the pressure distribution along the PAT installation when implemented in a water pipe system are analyzed, and the links between pressure variation and the head drop in different system components responsible for the head losses and net head definition are also examined.
Introduction
In water distribution networks pressure reducing valves are generally used to dissipate the excess hydraulic energy and set optimal pressure values to reduce leakage. One of the research lines to improve the management of the pressurized systems is the increase of their energy efficiency. The energy efficiency can be improved through the diminishing of head losses, the reduction of the flow consumption in gravity pipes systems as well as the reduction of the pressure and consequently the leakages in the water distribution systems [1] . Particularly, the last strategy has been a powerful management tool since the 1990s [2] [3] [4] . Ramos et al. (1999) [5] proposed the use of the pumps working as turbines (PATs) as an alternative solution to reduce the pressure in pipe systems, replacing or in conjunction with the pressure reduction valves. This recovery system has the advantage of possible pressure control regulation and also to be green energy generator. This renewable system, which presents feasibility indexes with payback periods lower than five years, can lead to the improvement of the future water systems sustainability [6] .
The knowledge of the operation points of these machines is a difficult task when their rotational speed is variable, because the head and the efficiency values are difficult to predict since the manufacture catalogue does not have these curves available [7] . This lack of knowledge as well as the difficulty to predict the best efficiency point of the pump operating in reverse mode, aims to researchers to propose some empirical methods are proposed in the available literature to identify the best efficiency point (BEP). These methods were summarized by [8] but they cannot accurately cover all machines [7] . This fact joined to the difficulty to predict the efficiency and the recovered head values when the machine operates under variable operation speed (VOS) [9] make necessary the modification of the affinity laws through specific parameters (q, h, p, and n) [10, 11] . The modification of these laws is real if the efficiency and head values as a function of the flow are known.
To complement the experimental campaign, the use of a computational fluids dynamic (CFD) model was carried out as long as the model will be previously validated [12] . Hence, the behaviour for different values of head, flow and rotational speed can be estimated in the recovery system [13] , increasing the knowledge in terms of pressure variation and head losses as well as their interactions between water system and fluids [14] . Therefore, the use of CFD techniques can make possible the knowledge of the PAT behaviour, reducing economic costs of experimental developments [15, 16] . Apart from this, CFD techniques can predict velocities, pressures and turbulence parameters in any node of the represented geometry. In this sense, CFD becomes a virtual laboratory showing researchers accurate information along all the modelled volume.
In this line, different researchers analyzed the variation of the characteristic parameters in hydraulic systems, using CFD techniques [7, 17, 18] . These analyses showed the suitability to predict the behaviour of the tested recovery machine, but defining the variation trend of specific parameters. A detailed hydraulic loss distribution and a theoretical analysis were performed by [19] . In this contribution, different machines were simulated by CFD techniques and the results were validated with experimental tests, obtaining the head drop in various machines that had a different specific speed for the nominal speed of each recovery machine.
This research goes deeper in this line and analyses the variations of the head drop for different rotational speeds using a CFD model validated previously. Hence, the objective of this research is to show a PAT behavior under different steady flow conditions obtained by a CFD model. These conditions were compared with the measurements developed in the hydraulic laboratory of Instituto Superior Técnico (Lisbon) in which, the tested PAT operated with variable rotational speeds. Besides, as novelty, the research develops an estimation of the head drop in different connections of the machine (i.e., inlet pipe, volute, impeller, draft tube) for different rotational speeds, showing the significance of a VOS solution in the energy recovery process towards the maximization of the real recovered head for energy production.
Numerical and Experimental Procedure
This research presents numerical and experimental developments which were simulated and carried out in the CERIS-Hydraulic Lab of Instituto Superior Técnico at the University of Lisbon. CFD simulations and experimental data collections were developed to analyze the pressure drop behaviour and the influence in the efficiency variation of a PAT energy recovery system.
PAT Numerical Model

Model Description and Mesh
The setup of the mathematical model was performed using the finite volume method (FVM) with second-order spatial discretization scheme of the convection terms in the governing equations of CFD workbench SolidWorks-FloEFD. The PAT model was built in SolidWorks CAD system as demonstrated in Figure 1 . The set of governing equations were discretized and solved using the FVM on a spatially rectangular computational mesh refined locally at the solid/fluid interfaces and in specified fluid regions, where high gradients are expected. A Semi Implicit Method for Pressure-Linked Equations (SIMPLE) algorithm was used to couple the pressure and velocity [20] . A relative error for the convergence criterion was considered to be less than 10 −4 . The Navier-Stokes equations are supplemented by fluid state equations defining the nature of the fluid, and by empirical dependencies of fluid density and viscosity. FloEFD employs one system of equations to describe both laminar and turbulent flows. The rotating parts were computed in coordinate systems attached to the models rotating parts, i.e., the models' stationary parts must be axisymmetric with respect to the rotation axis. The conservation laws for mass and momentum in the Cartesian coordinate system rotating with angular velocity can be written in the conservation form as follows [20, 21] :
where, is the fluid velocity, is the fluid density, is the viscous shear stress tensor. For Newtonian fluids this tensor is defined as [21] :
Following Boussinesq assumption, the Reynolds-stress tensor has the following form [20] :
The Kronecker delta function is equal to unity when i = j, and zero otherwise, is the dynamic viscosity coefficient, is the turbulent eddy viscosity coefficient and is the turbulent kinetic energy. For laminar flows and are zero. In the frame of the k-turbulence model, is defined using two basic turbulence properties, namely, the turbulent kinetic energy k and the turbulent dissipation [21] 
where, is a turbulent viscosity factor defined by:
with,
where y is the distance from the wall. This function allows to take into account laminar-turbulent transition.
FloEFD software works with CAD integration, which means that it takes geometrical data from a CAD program directly, suitable for parametric analysis.
Floworks (which is FloEFD as a standalone software) is very professional and accurate. The accuracy depends mainly on the model setup (i.e., meshing, boundary conditions, material properties, rotating and non-rotating zones), being intuitive with calculation stability and friendliness for having the CAD package integration tool. Transfers mechanical assemblies and especially for turbo designs (e.g., mechanical designs) into Floworks models is easy even for very complex geometries. The added value of this commercial software is that in the end the geometry can be already built by a mechanical group, so that the only need is to set up the boundary conditions and perform the mesh. Moreover, if some of the components need to be changed and re-meshed, Floworks in combination with Solidworks does this very fast and trouble free.
Compared to the other tools, FloEFD required less resources and optimally mesh and less calculation time to come up with good overall results, and it shows quite good agreement with experimental measurements too. Although the meshing and solver technology of FloEFD is a non-traditional CFD approach, several authors have proven that FloEFD is as accurate as, or better than, other traditional commercial CFD software in a complex aerodynamic study.
The mesh was determined solely by the computational domain and independent on the solid/fluid interfaces using the following procedure: (1) the computational domain was divided into slices by the basic mesh planes; (2) the mesh cells intersecting with the solid/fluid interface were split uniformly into smaller cells in order to capture the solid/fluid interface with the specified mesh cells; (3) each of the basic mesh cells intersecting with the solid/fluid interface were split uniformly into 8 child cells; (4) each of the child cells intersecting with the interface was in turn split into 8 cells of next level, and so on, until the specified cell size was attained [21] . Then, the rectangular computational domain was automatically constructed, enclosing the solid body with the orthogonal boundary planes to the specified axes of the Cartesian coordinate system [21] .
In FloEFD, an optimization process is implemented as part of the global iteration process. Solution Adaptive Refinement (SAR) was used to optimize the mesh distribution in order to minimize the spatial error arising from the discretization of the governing differential equations. For a steady-state calculation, SAR cycles are implemented at a certain iteration frequency. Iterations are chosen on the basis of the estimated residual decrease at current iteration in comparison with residuals calculated after the previous SAR cycle. This approach makes possible to refine the whole solution domain, where potentially any significant disturbances of the flow can appear. The final results are presented in Table 1 . Irregular cells computationally represent a hole in the solid domain. If there are numerous irregular cells in a mesh, then a solid wall will no longer provide a physical barrier in the simulation. This can be remedied by increasing the mesh density in the area with the irregular cells. This is accomplished by increasing the global mesh level, shrinking the minimum wall thickness in the mesh settings, or applying a local mesh in the affected zone to impose a higher level of cell refinement. The mesh was refined such that the solution does not depend on the mesh size. To ensure that there was no mesh spacing dependence, a mesh sensitivity study was conduct by activating solution-adaptive meshing. This allowed to increase the number of cells automatically in areas of high flow gradient, and again ensure the flow solution remains unchanged for the purposes of the analysis. Thus, in order to determine the optimum mesh size, mesh sensitivity diagram was plotted to investigate the convergence of results and selection of proper mesh element size (Figure 2 ). As a validation of the FVM results, the required outlet pressure can be compared with the experimental work. If the pressure in the simulation meets the experiments at the same section with all similar conditions, the inputs and outputs in the FVM are considered as agreeable values. Moreover, it has been considered a good mesh when the error (in simulated pressure) by comparing simulation results with another mesh is less than 5%.
The used turbulence model is the k-ɛ model with wall functions. Two additional transport equations were used to describe the turbulent kinetic energy and dissipation [20] :
where, the source terms and were defined as [21] :
The turbulent generation due to buoyancy forces can be written as [20] :
where is the component of gravitational acceleration in direction , the constant = 0.9 and constant is defined as: = 1 when > 0, and 0 otherwise;
These constants , 1 , 2 , , were defined empirically. In FloEFD the following typical values were used, = 0.09, 1 = 1.44, 2 = 1.92, = 1 and = 1.3, [21] . The default velocity boundary condition at solid walls corresponded to the well-known no-slip condition. The solid walls were also considered to be impermeable. The simulations are carried out using a PC with CPU Intel(R) Core(TM) i7-3517U @ 1.90 GHz, 2.40 GHz and 8.00 GB RAM characteristics. The time taken for each simulation with the finally chosen mesh to the fully convergence starting from previously converged results in coarser mesh is presented in Table 1 .
Boundary Conditions
In the CFD simulations, the static pressure (section 2), the volume flow rate (section 1) and the impeller rotational speed (section 3) boundary conditions are assigned to the inflow and outflow boundaries in the geometric model presented in Figure 3 . The first initial boundary condition is set upstream of the pipe with inlet volume flow varying from 2.90 L/s to 5.55 L/s. The second initial boundary condition is set at the inside surface for the outlet pipe with a static pressure varying between 112,000 and 113,500 Pa. As for the rotational speed, five rotational speeds of 810, 930, 1050, 1170, 1275 and 1500 rpm are considered. Local rotating zones are used for analysis of the fluid flow in the impeller. The rotating solid component is surrounded by an axisymmetric rotating zone, which has its own coordinate system rotating together with the component. The fluid flow equations in the non-rotating zones of the computational domain are solved in the non-rotating Cartesian Global Coordinate System [21] . To connect solutions obtained within the rotating zones and in the non-rotating part of the computational domain, special internal boundary conditions are set automatically at the fluid boundaries of the rotating zones [20] . In addition, the wall surface rotation (without changing the model's geometry) is specified. All the initial settings and input data remain the same but the volume flow rate and the static pressure is increased according to the experiments.
In the CFD simulations, the pressure opening condition is assigned to the outflow boundary condition, in the geometric model (section 2 in Figure 3) . The pressure opening boundary condition, which can be the static pressure, or total pressure, or environment pressure is imposed in the general case when the flow direction and/or magnitude at the model opening are not known a priori, so they are to be calculated as part of the solution. In most cases the static pressure is not known, whereas if the opening connects the computational domain to an external space with known pressure, the total pressure at the opening is known. The local atmospheric pressure condition is used as a total pressure for incoming flows and as a static pressure for outgoing flows. If, during the calculation, a vortex crosses an opening with the environment pressure condition specified at it, this pressure considered as the total pressure at the part of opening through which the flow enters the model and as the static pressure at the part of opening through which the flow leaves the model [14] . For all simulations, a volume flow rate is set at the inlet section represented by section 1 in Figure 3 , which is a mean for the model to calculate the flow rate. This allows the verification of the conservation of the mass.
PAT Experimental Tests
The hydraulic facility that is shown in Figures 4 and 5 is composed by one closed pipe of high density polyethylene. The nominal diameter is 50 mm and its length is 100 m; an air-vessel tank with the volume of 1 m 3 is used to stabilize the upstream pressure. This air-vessel allows to regulate the flow and pressure in order to reach the steady flow conditions; a recirculating pump is also necessary since this is a loop pipe system; at downstream of the operating system an open free surface tank with the capacity of 0.5 m 3 keeps the recirculating flow constant in the pipe system. The pressure inside of the air-vessel varies between 20 and 35 m w.c.; ball valves located at downstream to induce flow variations are used; an electromagnetic flowmeter is located at upstream; two pressure transducers are used to register the pressure variations in a picoscope acquisition data system to be visualized in the laptop and later processed. 
Results and Discussion
PAT Characteristics
The tested and simulated machine is a centrifugal pump working as turbine with a radial impeller ( Figure 6 ). The PAT model is Etarnom 32-125 from KSB. When the machine is operating in the turbine mode, the best efficiency point (BEP) is 3.60 L/s and 4.43 m w.c., reaching an efficiency of 0.62. For these values, the specific speed of the machine is 51 rpm (m, kW) and its nominal rotational speed is 1020 rpm. The characteristics of its impeller are the following: outside diameter with 170 mm; inlet diameter with 90 mm; six blades; the inlet angle of the impeller is 55°; and the outlet angle of the impeller is 45°.
Defined the characteristic parameters of the machine for nominal conditions related with the best efficiency parameters (Q0, H0, and η0), the machine was tested in the hydraulic lab previously described. The experiments were carried out for different rotational speeds and different flows in steady state conditions for different rotational speeds: 810, 930, 1050, 1170, 1275 and 1500 rpm. For each rotational speed, different operation points were recorded with flow values between 2.9 and 5.5 L/s. The below flow limit was established by the runaway curve, where the flow decreases when the speed increases for this type of impeller [22] . In Figure 7 , the minimum flows to put the PAT working that was 2.9 L/s for the rotational speed of 810 rpm, while was 4.1 L/s when the machine rotated with 1500 rpm. Figure 7 also shows the increase of the recovered head when the rotational speed grows, keeping the flow constant, a characteristic of radial impellers. 
CFD and Experiments
The global variables are simulated in the CFD model, namely the head (H) and the hydraulic output torque (T) along with the given variables of discharge (Q) and rotational speed (N) are used to evaluate the overall PAT characteristics. The flow characteristics output of the PAT are displayed using pressure contour plots. Figure 8 shows the absolute static pressure distribution of the PAT from 810 rpm to 1500 rpm in a cross-section plane of the impeller and along the device for Q = 4.50 L/s. The pressure decreases from upstream to downstream as the fluid flows within the domains and along the impeller, from the inner to the outer region, as energy is transmitted to the shaft. Comparing the elements of Figure 8 , the higher speed corresponds to a lower value of the pressure downstream of the runner. Besides, in the turbulence space between impeller hub and the casing, the reduction of the conversion efficiency results from hydro to mechanical power [16] .
Comparing results from N = 810 rpm with N = 1500 rpm, a differential pressure between the upstream and downstream of the runner, at a highest speed corresponds to the increasing net head. In the vortex core, formed downstream of the runner (noticed in Figure 8d-f) , lower pressure values were achieved. The vortex formation at the exit of the rotor and extends to downstream thereof related with turbulence and hydrodynamic instability for the not nominal conditions. These effects are associated to the variable pressure fluctuations and efficiency losses.
The validation of the CFD model was done by using the recorded pressure values in the transducers. Figure 9 shows the comparison between experimental and numerical values for different rotational speeds.
Equation (13) defines the mean square error between the experimental data and estimated measurements by the CFD for the same flow value (head or efficiency) according to the number of measured data:
where i is the tested parameter; is the estimated value; is the measured value; and m is the number of measurements. Table 2 summarizes the mean square errors that were obtained when CFD simulations and experimental results were compared. The error was determined according to developed measures in the control sections A and F (Figure 10 ). The table shows the error varied between 2 and 9%, reaching lower errors in the head results than in the efficiency values. 
Head Drop Estimation
Once the mean square error is known, the head drop was analyzed in different sections of the energy converter device. This head estimation was determined through established sections presented in Figure 10 . Table 3 shows the main results associated to different operating conditions associated for each rotational speed in different cross sections, simulated in the CFD model. Low values of static pressure, in the impeller exit and the draft tube can be identified. The reduction of the pressure, characteristic of the vortex nuclei that occurs downstream of the impellers, can eventually lead to cavitation and rotation in the flow direction. For the operating conditions, the lowest pressure values occurred along the impeller (section D), and near the draft tube (section E). The analysis of these values obtained using the CFD model and validated with the experiments enabled to estimate the head drop between different cross sections. The estimation of the head drop determined the part of the hydraulic energy that is transmitted by the impeller to the shaft. The head values for each cross section (i.e., inlet pipe, volute, impeller, draft tube) can be observed for different rotational speeds in Figures 11a,c,e ,g,i, and 11k. The percentage of the head drop when they are compared to the total head given by the difference of pressure between sections A and F is presented in the right graphs of Figure 11 . The mean square error was determined between CFD and experimental for each rotational speed in Table 2 . The percentages for each rotational speed can be observed in Figure 11b ,d,f,h,j,l.
Both head drop and its percentage are related in the Figures 11 as function of the discharge number, which is defined by Equation (14):
where Q is the flow in m 3 /s; N is the rotational speed of the machine in rps; and D is the impeller diameter in m.
All simulations in Figure 11 were developed for flows between 3 and 5 L/s, and showed that the values of the head drop are similar in inlet and outlet pipe (draft tube), varying between 0.8 and 2.2 m w.c. in the inlet pipe and 0.3 and 0.7 m w.c. in the draft tube. The volute losses were around 0.55-0.60 m w.c. and they remained constant for each rotational speed and flow. If the head are analysed in terms of pressure, the volute losses increased slightly with the rotational speed. Finally, for the different simulations, the recovered head by the impeller increased with the rotational speed and flow. For each rotational speed, the average and its standard deviation (-) of the head drop are determined and shown in Figure 12 .
If Figure 12 is observed, the percentage of losses of the inlet pipe, volute and draft tube decrease with the rotational speed raising. The draft tube and volute values varied from 10 to 5% approximately when the rotational speed increased from 810 to 1500 rpm. In contrast, if the impeller element is analyzed, the average percentage of head drop increases from 52 to 73% for the same variation of the rotational speed. The standard deviation is also analyzed for all flow range and the values are lower than 5%. The analysis in the discretization of the head drop as well as the rotational speed variation were presented in Figure 6 . In this figure, the recovered head increases with the rotational speed indicates the possibility of variable operation speed attaining the maximum value in order to maximize the recovered head using the same energy converter device. 
Conclusions
The pressure variation analysis by CFD modelling and experimental tests performance of a PAT low-power converter installed in a pipe system with small discharge values constitute an expert answer to improve the system efficiency and the control of the operational pressure management. Related to this, the research proposes sensitivity analyses to several characteristic parameters, identifying the percentage of the head drop in the different parts, for different rotational speeds, in a typical PAT installation and their influence in the real available head.
The influence of the rotational speed variation on the head drop in each system component is an innovative analysis to optimize the hydraulic behaviour in this micro-power system. A significant range of possible applications as pressure reducing system based on the velocity operating strategy of a PAT is discussed for different flow demands. The identification of the pressure drop and the characterization of the equivalent percentage of the total available head between the pipe PAT connection inlet and draft tube connection outlet is of the utmost importance in PAT analyses and implementation in real systems. For this case study, the head drop in the inlet pipe the volute and the draft tube kept constant in absolute terms. Nevertheless, this head drop decreased from 10% to 5% when the percentage related to total head was determined. In contrast, the average percentage of head drop increased from 52 to 73% for the same variation of the rotational speed, particularly from 810 to 1500 rpm.
Therefore, the development of this research, combining experiments and numerical results using CFD model with a mean square error between 2 and 9% gives us a powerful tool for modeling the whole machine performance. The limitation of this study is mainly related to the typology of the machine (i.e., specific speed) that can influence in the percentage of the drop head. Therefore, the development of more studies will be interesting, considering other specific speeds to show the variability of the head drop. Nevertheless, other characteristics, such as the diameter of the pipe in the inlet and outlet of the machine, can present variations in the percentage of head drops, although the trend will be the same of this research for different flow values. This type of analysis improves the knowledge of the behavior of the energy converters. Its development in more case studies will increase the obtained energy efficiency in real applications. PROGRAMME 2014-2020 and CERIS (CEHIDRO-IST), the Hydraulic Laboratory, for the support in the conceptual developments and the experiments on PATs.
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